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Mutations at the gyrB locus were found to decrease the degree of supercoiling
of the Escherichia coli chromosome. The effect ofagyrB mutation on the repair
of ultraviolet-induced deoxyribonucleic acid damage was studied by following the
killing of strains of E. coli K-12 proficient and deficient in deoxyribonucleic acid
repair. The effectiveness of both excision and postreplication types of deoxyri-
bonucleic acid repair was found to be altered by this mutation, the former being
apparently enhanced and the latter impaired.

The Escherichia coi enzyme DNA gyrase,
one of the DNA topoisomerases, is responsible
for maintaining negative superhelicity in cova-
lently closed circular DNA (5). It consist of at
least two subunits, A and B, that have been
identified as the cou and naLA (gyrA) gene
products, respectively (1, 10).
The antibiotic novobiocin is an inhibitor of

DNA gyrase and reacts specifically with the cou
gene product, the B subunit of the enzyme. This
has made it possible to isolate E. coli mutants
(now designated gyrB) that are resistant to no-
vobiocin or related antibiotics and contain an
altered DNA gyrase B subunit (4, 11).
The gyrB mutants have been reported to be

defective in DNA transcription, initiation of
DNA synthesis, and cell division. This pheno-
type has been assumed to result from reduced
superhelicity of the bacterial chromosome in
these mutants (4, 11). To obtain information on
the effects of the three-dimensional structure of
DNA in the repair processes, we have studied
two novobiocin-resistant gyrB point mutants,
one temperature sensitive (11) and the other not
(4). The effect of these two mutations on the
superhelicity of the bacterial chromosome was
checked by comparing the sedimentation prop-
erties of isolated nucleoids in the presence of
ethidium bromide with those obtained from
nearly isogenic gyrB' strains and, in the case of
the thermosensitive mutant, from celLs grown at
permissive temperature. The effect on DNA re-
pair was studied by comparing the killing byUV
light of gyrB' and gyrB non-temperature-sen-
sitive strains with different repair capacities.
We report that gyrB mutations do, indeed,

reduce the superhelicity of the E. coli chromo-
some, and this reduction of superhelicity is ac-
companied by apparent enhancement of the ex-
cision repair process and by a reduction in the
efficiency of postreplication repair.

MATERIALS AND METHODS

Strains and culture conditions. The strains used
in this work are listed in Table 1. For the experiments
the strain were routinely grown in Davis-Mingioli
minimal medium (2) supplemented with 0.4% glucose,
0.4% Casamino Acids (Difco IAboratories), and 0.1 Ag
of thiamine per ml. This medium was also used as the
solid plating medium in survival experiments.
Transduction ofthegyrBmutation. Kanmycin-

resistant P1 phage, temperature sensitive for lysogeny,
was kindly donated by Frank Cannon, ARC Nitrogen
Fixation Unit, University of Sussex. P1 lysogens of the
gyrB strain LE701 were obtained by plating the bac-
teria together with the phage on plates containing 20
pg of kanamycin per ml and picking up the resistant
colonies after overnight incubation at 320C. The me-
dium was modified L-agar (16) into which CaCl2 was
added to a final concentration of 5 mM.
The transducing lysate was prepared by inducing

the lytic cycle in exponentially growing L-broth cul-
tures of lysogens by addig MgCl6 and CaC12 to final
concentrations of 5 mM each and incubating for 15
min at 420C. The cultures were subsequently trans-
ferred to 370C for a further 2 h. After clearing, the
lysates were treated with chloroform, centrifuged, and
stored in the refrigerator.
The transduction was performed by plating the

transducing lysate together with the recipients on L-
agar plates containing, in addition to kanamycin and
CaCl2, 500 pg of novobiocin per ml. The novobiocin-
resistant colonies were picked after overniight incuba-
tion at 32°C. They were cured of prophage by plating
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TABLE 1. Bacterial strains used

Strain Repair geno- Other markers Reference__ ~~type
LE234 Wild ilv arg met 4

rps tra thi
xyl

LE701 Wild As LE234 but 4
gyrB

LE316a Wild As LE234 but 11
gyrB(Ts)

AB1157 Wild thr leu arg 7
pro thi lac
str his xyl
gal tsx

AB1886 uvrA As in AB1157 8
CM1113 Wild As AB1157 This laboratory

but gyrB
CM1114 uvrA As AB1886 This laboratory

but gyrB
CM1115 recA56 recA This laboratory

derivative
of AB1157

CM1116 recA56 recA This laboratory
derivative
of CM1113

CM1117 uvrA recA56 recA This laboratory
derivative
of AB1886

CM1118 uvrA recA56 recA This laboratory
derivative
of CM1114

aThegyrB(Ts) mutation is lethal to the cell with prolonged
incubation at 42°C.

exponential-phase cultures on L-plates and incubating
at 420C overnight.

Construction ofrewA strains. The recA mutation
was introduced into the test strains by first making
them auxotrophic for thymine, using trimethoprim
selection, and then mating them with the recA56 Hfr
strain JC5088 (3). The selection was for thymine in-
dependence, and streptomycin (0.3 mg/ml) was added
to the selection medium to eliminate the donor. The
recombinants were tested for UV sensitivity, and the
sensitive clones were streaked on nutrient agar plates
and used in further experiments.

Lysis procedures. The strins proved to be ex-
tremely variable in their responses to the lysis proce-
dures. The method of Hecht et al. (6) produced satis-
factory results with strain AB1157 and its gyrB deriv-
ative CM1113. [3H]thymidine-labeled cells from 10-ml
exponential-phase cultures were harvested and sus-
pended in 0.4 ml of solution A (0.01 M Tris, 1.0 M
NaCl, pH 8.1). The suspension was transferred into an
ice bath, and 0.1 ml of solution B (10 mg of lysozyme
per ml in 0.12 M Tris-0.05 M EDTA, pH 8.1) was
added. After 2 min of incubation, 0.5 ml of solution C
(1.0% Brij 58, 0.4% deoxycholate, 1.0% Sarkosyl NL-
97, 1.0 M NaCl, 10 mM EDTA) was added, and the
mixture was transferred to a 240C water bath. The
suspension was incubated for 3 min, during which time
it cleared. When this method was applied to strains
LE234 and LE701, however, a clear, nonviscous, but
extremely slowly sedimenting lysate was formed. Re-
ducing the concentration of Sarkosyl in the detergent
solution to 0.25% (14) was found to be necessary with
these strains to obtain good results. Neither modifi-

cation of the Hecht procedure was successful with
strain LE316, and the procedure of Ullmer et al. (15)
had to be used. The lysozyme treatment was for 5 min
at 250C, followed by 3-min detergent treatment at
00C. The concentration of Sarkosyl in solution C was
0.25% if the cells had grown at permissive temperature,
but 1.0% was found to be necessary if they had been
incubated at 420C before lysis.

Sucrose gradient centrifugation. Portions of
0.25 ml of the lysates were layered on 4.2-ml 5 to 30%
(wt/vol) sucrose gradients (in 0.01 M Tris, 1.0M NaCl,
1.0 mM EDTA). The gradients were centrifuged at
17,000 rpm and 40C for 20 min, using a Spinco SW50.1
rotor. To estimate the sedimentation coefficients, the
gradients were calibrated by centrifuging '4C-labeled
T4 phage (1,025S) for various times.

After centrifugation the gradients were collected on
strips of filter paper (Whatman grade 17), washed once
in 5% trichloroacetic acid and twice in ethanol, dried,
and counted, using a toluene-based scintillation liquid.

Estimation ofDNA superhelicity. The degree of
superhelicity of the isolated nucleotides was deter-
mined with ethidium bromide-containing gradients
and by following the sedimentation of the nucleoids as
a function of ethidium bromide concentration (14).
According to theory, ethidium bromide causes the
relaxation of negatively supercoiled DNA due to its
intercalating action. Consequently, the sedimentation
coefficient of the DNA decreases with increasing con-
centration of ethidium bromide.

This continues until the chromosome becomes com-
pletely relaxed, after which, because of the continued
intercalation of ethidium bromide, it starts to become
positively supercoiled. This results in an increase in
sedimentation coefficient. Thus, the concentration of
ethidium bromide at which the sedimentation coeffi-
cient of the DNA starts to increase after the initial
relaxation is an indication of the degree of the original
negative superhelicity of the DNA in question.
Comparison of the UV sensitivities of gyrB+

and gyrB srains. The strains were grown into the
exponential growth phase, harvested, and suspended
in phosphate buffer. The suspensions were irradiated
with 254-nm UV light obtained from a Phillips FIN
6W lamp calibrated with a Latarjet meter. Serial di-
lutions of the irradiated suspensions were plated, and
the plates were incubated overnight at 370C or, if the
temperature-sensitive strain LE316 was being used, at
320C. The colonies were then scored, and the viable
counts of bacteria were determined.

RESULTS
Effect ofgyrB mutation on the superhel-

icity of the bacterial chromosome. The re-
sults of the ethidium bromide titrations of the
degree of DNA superhelicity in isolated nu-
cleoids are expressed in Fig. 1. It can be seen
that in all three gyrB strains tested the concen-
tration of ethidium bromide needed to reverse
the initial lowering of the sedimentation con-
stant caused by this agent was lower than in
corresponding isogenic wild-type strains. This
was true despite the differences in sedimentation
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FIG. 1. Effect ofethidium bromide on the sedimen-

tation of nucleoids isolated from gyrB strains and
their wild-type parents. The gyrB strains in (a), (c),
and (e) are CM1113 (U), LE701 (0), and LE316(Ts)
(V) incubated at 42°C for I h before the experiment.
The corresponding wild-type controls in (b), (d), and
(f) are AB1157 (0), LE234 (0), and LE316(Ts) (A)
incubated at 32°C. Points represent the means of
three experiments. Approximately 60,000 cpm were
layered on each gradient.

constants caused by different lysis methods and
indicates that the superhelicity of the bacterial
chromosome is reduced in strains carrying mu-
tations at the gyrB locus. In the temperature-
sensitive strain LE316 there was a suggestion of
reduced superhelicity (compared with LE234)
even at permissive temperature.
UV sensitivities of strains LE701 and

LE316 compared with parental strain
LE234. The gyrB strain LE701 was more resist-
ant to UV than was its parent strain LE234 (Fig.
2). The same was true with the thernosensitive
gyrB mutant LE316 if the strain was incubated
at 420C, but the effect was marginal if the strain
had been grown throughout at 320C. This effect
at 320C may well be real, however, given the
apparent reduction in superhelicity even at per-
missive temperature. Orr (personal communi-
cation) has observed altered nuclear morphol-
ogy, cell division pattern, and DNA replication
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FIG. 2. UV killing of strain LE234 (0) and its
gyrB derivatives LE701 (0) and LE316. The ther-
mosensitive gyrB mutant LE316 was either grown at
32°C throughout the experiment (A) or incubated at
42°C for 1 h before irradiation (V). Points represent
the means of three experiments.

in LE316 at permissive temperature, and no
gyrase activity could be detected in cell-free
extracts at permissive temperature.

Effect of the gyrB mutation on UV sensi-
tivity in the AB1157 background. In contrast
to strains LE701 and LE316, the gyrB derivative
of AB1157 (CM1113) was only marginally more
resistant to UV than was AB1157 and the gyrB
derivative of the uvrA strain AB1886 (CM1114)
was about twice as sensitive to UV as was the
original strain. The repair-proficient strain
AB1157 was, moreover, found to be more resist-
ant to UV than the other parental strain LE234
(Fig. 3 and 4).
The presence of a recA mutation in the exci-

sion-proficient test strains revealed a marked
difference in the effect of the gyrB allele, strain
CM1116 (recA gyrB) being much more resistant
than CM1115 (recA gyrB+) (Fig. 5). No such
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FIG. 4. UV killing of uvrA strain AB1886 (0) and
its gyrB derivative CM1114 (a). Points represent the
means of three experiments.
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FIG. 3. UV killing of strain AB1157 (0), its gyrB
derivative CM1113 (U), and strain LE234 (0). Bars
indicate the standard error of three experiments.

difference could be detected between the exci-
sion-deficient CM1117 (uvrA recA gyrB') and
CM1118 (uvrA recA gyrB) strains (Fig. 6).

DISCUSSION
Despite the differences in sedimentation rates,

all of the gyrB strain, had their turning points
in ethidium bromide titration experiments at
lower ethidium bromide concentrations than the
wild-type strains, indicating a lesser degree of
superhelicity in their chromosomes.
The present data do not give any indication

as to whether superhelicity is generally lower in
gyrB strains throughout the chromosome or

whether some regions have normal superhelicity
and others do not. This would be possible if the
chromosome were organized into independent
domains as far as superhelicity is concerned (see
17).

It became apparent in UV irradiation experi-
ments that a gyrB mutation, presumably
through its effects on DNA superhelicity, en-
hanced survival after UV irradiation in bacteria
possessing only excision repair and decreased it
in bacteria possessing only postreplication re-
pair. In bacteria with both pathways active, the
result depended upon the genetic background of
the cell. To understand these differences it is
necessary to consider first the results with re-
pair-deficient strains. Strains carrying both the
recA and uvrA mutations are completely defi-
cient in dark repair of UV damage and are
unable to tolerate more than one (or at the most
two) pyrimidine dimers in the DNA (9). That
the gyrB mutation has no effect when intro-
duced into such a strain establishes that the
degree of superhelicity of the chromosome does
not significantly alter the yield of UV-induced
pyrimidine dimers in DNA. We may then deduce
that the effects on survival observed in strains
possessing functional DNA repair pathways are
attributable to the influence of gyrB on these
pathways.

In uvrA bacteria, only postreplicational path-
ways are operational, and the considerably
greater lethality observed when the gyrB mu-
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FIG. 5. UVkilling ofrecA strain CM1115 (0) and
the near-isogenic recA gyrB strain CM1116 (0).
Points represent the means of three expeirments.

tation was present shows that this mutation
impairs the functioning ofpostreplication repair.
The major pathway of postreplication repair
appears to involve recombinational exchanges
between daughter chromosomes at the sites of
daughter strand gaps (12). Such exchanges are
likely to be initiated by the invasion of the
undamaged daughter strand by a single-
stranded end from the damaged strand (see 13).
Insofar as such an invasion is likely to be facili-
tated by negative superhelicity in the undam-
aged daughter, it is not unreasonable to interpret
the consequences of the gyrB mutation as being
to reduce superhelicity in the undamaged
daughter chromosome and thus to inhibit the
initiation ofdaughter strand exchanges. Consist-
ent with this is the observation that the gyrB
derivatives ofAB1157 and AB1886 (CM1113 and
CM1114, respectively) are recombination defi-
cient, producing only about 20% of the number
of His' recombinants in a cross with the Hfr
strain JC5088, compared with the gyr' strains
(unpublished data).
In recA bacteria there is no postreplication

repair but prereplicational excision processes
continue, albeit probably to a reduced extent. In
such bacteria the presence of a gyrB mutation
results in enhanced survival, suggesting that ex-
cision repair is promoted by gyrB. This suggests
that the negative superhelicity normally found
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FIG. 6. UV killing of recA uvrA strain CM1117
(A) and the near-isogenic recA uvrA gyrB strain
CM1118 (A). Bars indicate the standard errors of
three experiments.

in the E. coli chromosome to some extent re-
stricts excision repair.

It is not, however, necessary to envisage an
influence of superhelicity on the efficiency ofthe
incision step to explain the results. In recA bac-
teria, for example, it could be that a certain
proportion of incisions normally leads to DNA
degradation and death and that the reduction in
superhelicity leads to a lowering of the proba-
bility that this will occur. A more trivial expla-
nation would be that DNA replication is slower
in gyrB bacteria, which allows more time for
prereplicative excision repair.

It must also be remembered that because of
the many ways in which the recA mutation
affects cellular response to DNA damage, it can-
not be assumed that any effect ofgyrB in a recA
background will also occur in a rec+ background.
If this assumption were made, however, since
both excision and postreplication repair path-
ways operate in Uvr+ Rec+ strains, the overall
effect of the gyrB mutation is likely to depend
upon the relative contribution of the two pro-
cesses to survival. Any tendency to increased
survival due to enhanced excision repair would
tend to be opposed by a decrease due to less
effective postreplication repair, the balance be-
tween these being difficult to predict. Our results
suggest that the gyrB impairment of postrepli-

J. BACTERIOL.



VOL. 146, 1981

cation repair may be generally less important
than the promotion of excision repair in LE234
and AB1157.
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